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ABSTRACT
Neutrophils are a type of innate immune cell that play a critical role in the
acute inflammatory response by recognizing, phagocytizing and killing pathogens.
Although their presence during infection is immensely significant for pathogen
clearance, current research suggests that an overly robust neutrophil response may
be detrimental to the host. Expression levels of the zebrafish chemokines Cxcl8-l1
and Cxcl8-l2, which are responsible for inducing neutrophil migration to a site of
infection, have been shown to increase under inflammatory conditions caused by
various PAMPs and infectious stimuli. Cxcl8 expression levels under inflammatory
conditions caused by human viral infections, such as Influenza A virus infection,
have yet to be studied.
The aim of this study is to utilize the zebrafish as a model to characterize the
neutrophil response to IAV infection. Using the MPX-mCherry transgenic zebrafish
line (red fluorescence-tagged neutrophils) and IAV-GFP (green fluorescence-tagged
Influenza A virus), we hope to quantify neutrophil migration to a localized IAV
infection in the swimbladder. Localized infection with IAV-GFP resulted in
increased numbers of neutrophils in the swimbladder region and surrounding
tissues, suggesting that neutrophils do migrate to a localized IAV infection.
Additionally, through the systemic infection of AB zebrafish embryos, we hope to
investigate how levels of expression of neutrophil migratory genes: Cxcl8-l1 and
Cxcl8-l2, may be altered upon IAV infection. Preliminary data have revealed that
the Cxcl8 genes are up-regulated during IAV infection, particularly between 12 and
24 hpi.
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INTRODUCTION
When a person is sick, the ability to “get better” or return to a homeostatic
state of health is a result of the immune system. Comprised of two branches: innate
immunity and adaptive immunity, the immune system provides a way for the body
to resist infection through the combined effects of an interactive network of
lymphoid organs, cells, humoral factors, and cytokines 37. Innate immunity is
present in all plant and animal species, and is therefore of particular interest for
further biomedical research. Acting as the first line of defense against invading
pathogens, when provoked, the innate immune system causes a cascade of events
that ultimately recruit immune cells to sites of inflammation and/or infection 20.
A particular innate immune cell of interest is the neutrophil. Neutrophils are
the first and most abundant immune cell population recruited to a site of
inflammation and/or infection and are responsible for recognizing, phagocytizing,
and killing invading pathogens through antimicrobial activity 21. The role that
neutrophils play in antibacterial and antifungal immunity is well defined, however,
much less is known about their role in antiviral immunity 13. Exhibiting both
protective and pathologic functions, neutrophil activity at times can appear
paradoxical, therefore, it is of great interest to investigate and characterize the role
that neutrophils play in antiviral immunity.
Viruses are obligate intracellular pathogens that depend upon host cell
machinery to fulfill their needs of replication and survival 1. Causing disease in
nearly all forms of life, viruses have evolved to become extremely successful
pathogens. In fact, more than 90% of human illnesses are caused by viral infections
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. When a virus infects a host cell, the antiviral immune response becomes

activated through host recognition of highly conserved viral sequences known as
pathogen associated molecular patterns (PAMPs). Binding of PAMPs to a specific
host pattern recognition receptor (PRR) induces the production of a variety of
inflammatory mediators that guide innate immune cells to the area of infection in
order to initiate viral clearance 29. Understanding the interactions between viruses
and innate immune cells such as neutrophils could potentially aid in the
development of new antiviral treatments.

BACKGROUND
If an individual contracts the flu they can experience symptoms ranging
from fever and headaches to muscle aches and malaise. The culprit of these
symptoms is the influenza virus, which may be transmitted among people in three
ways: (1) exposure and inhalation of respiratory droplets expelled during coughing
or sneezing from infected individuals, (2) direct contact with infected individuals,
and (3) contact with virus-contaminated objects and/or surfaces 6. Once the virus
has been transmitted to a susceptible host, the mechanisms behind viral entry and
replication allow for the proliferation of the virus and ultimately the activation of
the immune response. Investigating the roles that the immune response plays during
the pathogenesis of influenza infection could lead to a clearer understanding of the
mechanisms involved in regulating host-pathogen interactions during infection as
well as contribute to the development of antiviral therapies.

3
Animal models for influenza infection are critical for better understanding
the pathogenesis of the virus as well as the host response to infection. Previous
work published by the Kim Lab established the zebrafish as a model for human
Influenza A virus (IAV) infection by showing that IAV can infect, replicate, and
cause a pathological phenotype in the zebrafish model 12. The Kim Lab also utilized
the zebrafish swimbladder for a localized site of IAV infection due to its anatomical
and functional homology to the mammalian lung 12. These findings act as a
platform for future studies involving IAV infections in the zebrafish because they
highlight one of the very many distinct advantages of the zebrafish as a model
organism for the study of infectious disease: optical clarity.
Zebrafish optical clarity combined with the availability of multiple
transgenic lines such as the MPX-mpeg1 transgenic line (green fluorescence-tagged
macrophages) and the MPX-mCherry transgenic line (red fluorescence-tagged
neutrophils) has allowed for the visualization of innate immune cellular processes
such as phagocytosis in real-time through the use of advanced fluorescence
microscopy. Among these innate cellular processes is the neutrophil response.
Neutrophils are recruited to a site of infection to recognize, phagocytize and kill
pathogens through antimicrobial activity. Although necessary for pathogen
clearance, an overly robust neutrophil response can lead to inflammation and tissue
damage as well as contribute to the pathogenesis of certain bacterial and/or viral
infections, thus their role in the innate immune response can appear paradoxical.
Currently, the neutrophil response to Influenza A virus infection is poorly
characterized. With the establishment of the zebrafish as a model for IAV infection,
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as well as the confirmation that zebrafish embryos are susceptible to IAV challenge,
the neutrophil response to a localized IAV infection is examined and characterized
employing the zebrafish model. How levels of expression in neutrophil migratory
genes are alerted upon IAV infection is also investigated.

VIRUSES
Viruses are obligate
intracellular pathogens that can
cause disease in nearly all forms of
life. In an extracellular setting,
viruses are metabolically inert and
typically exist as DNA or RNA
enclosed in a protein coat known
as a capsid 1. However, upon
infecting a host cell, viruses adopt
strategic methods to fulfill their
needs of replication and survival

Fig. 1 Common viral infections that can cause
disease in humans 17.

by manipulating host cell machinery 1. The viral replication cycle includes the following
processes: attachment and penetration into a susceptible host cell, replication of the viral
genome and proteins through the use of host machinery, and assembly and release of the
progeny virions to infect new susceptible cells 26.
Viruses have evolved to be extremely successful pathogens. A genetically and
structurally diverse group of species, viruses have capitalized on every possible method
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for encoding information in the form of nucleic acid 18. Ranging from single-stranded
DNA to double-stranded RNA, the varying ways in which viral nucleic acid can be
arranged directly parallels the diversity of viral replication 18. Most viruses exhibit tissue
tropism, an affinity for a specific body tissue. It is this tissue tropism combined with their
diverse biochemical and replicative mechanisms that has allowed viruses to become such
successful pathogens 18.
As the causative agents of numerous diseases seen worldwide, viruses employ
unique strategies to circumvent a host’s immune system, thus making treatment
development difficult (Fig. 1). The Influenza A virus (IAV), causes the contagious upper
respiratory infection known as the flu. There are effective treatment measures against
IAV infections such as receiving yearly vaccinations, however, rapid and major genetic
mutations can occur through antigenic drift and antigenic shift that make once effective
vaccines ineffective in a short period of time 36. IAV’s ability to undergo genetic
mutations quickly makes the development of successful treatment measures for viral
infections difficult. Understanding the pathogenesis of viruses, specifically how they
infect, evade host detection, and replicate, is essential for the development of effective
targeted antiviral therapies.

INFLUENZA A VIRUS (IAV)
The Influenza A virus (IAV) is of current interest to researchers and health care
providers because of its impact on human health worldwide. IAV primarily infects the
cell lining of the upper respiratory tract causing the contagious upper respiratory infection
(URI) known as the flu. The flu gives rise to hundreds of thousands of deaths annually,
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and always has the potential to result in higher mortality due to the ever-present threat of
the emergence of pandemic strains 27. Seasonal IAV infections are usually self-limiting
within healthy individuals, and symptoms commonly include, fever, muscle aches and
malaise lasting for 7-10 days 36. Increased disease severity can be seen in infants, the
elderly, and those who are immunocompromised. The flu can also be associated with
secondary infections like pneumonia and may results in high mortality 36.
As a member of the Orthomyxoviridae family, which also includes influenza
viruses B and C, IAV is the predominant circulating strain in the public 32.
Orthomyxoviruses contain a genome composed of eight segments of single-stranded,
negative sense viral RNA that encode 12 to 13 proteins (Fig. 2) 32. The viral genome is
enclosed by an envelope composed of two glycoproteins: hemagglutinin (HA) and
neuraminidase (NA). Variations in these surface glycoproteins further classify
orthomyxovirsues into specific subtypes 39.

Fig. 2 The Influenza A virion is a spherical enveloped virus. The outer layer of the
envelope is a lipid membrane derived from a previous host and protruding from the
membrane are “spike-like” proteins known as HA and NA. Within the interior of the
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virus are eight segments of negative sense, single-stranded RNA that encode for specific
viral proteins 35.
As the most extensively studied influenza virus, IAV can alter its pathogenicity
resulting in the emergence of new viral strains 12. IAV can undergo antigenic drift, which
is the development of mutations in the HA and NA surface glycoproteins, thus leading to
seasonal epidemics 39. The continuous process of antigenic drift necessitates yearly
vaccinations. Occasionally, IAV will undergo antigenic shift, which is when two or more
influenza viruses co-infect the same host and undergo gene re-assortment. This can lead
to the creation of a novel virus capable of causing widespread disease due to the lack of
established immunity against it 33.
In vitro studies on IAV using tissue culture have provided insight into the
pathogenesis of the virus; however, in vivo studies could provide a clearer understanding
of the mechanisms involved in regulating host-pathogen interactions in an IAV infection
23

. In a study analyzing the in vivo dynamics of influenza infections in mice, a

recombinant influenza virus was engineered to carry a green fluorescent protein (GFP)
reporter gene on the NS1 segment of the viral genome (NS1-GFP) 23. The NS1 segment
of the viral genome encodes for the multifunctional and non-structural NS1 viral protein
that has been shown to contribute to replication and virulence during infection 16. The
study showed that the NS1-GFP virus replicated efficiently and exhibited pathogenesis
when tested in the mouse model, however, it was found that the replication and
pathogenesis of the NS1-GFP virus was attenuated when compared to the wild-type virus
23

. The generation of a fluorescence-tagged IAV strain expressing the GFP reporter gene

provides an advantage for studying the virus microscopically because it allows for host-
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pathogen interactions to be visualized and analyzed during an infection. This
fluorescence-tagged strain is also significant for developing a more in-depth
understanding of the replication, tissue tropism and pathogenesis of IAV in an in vivo
setting, ultimately expanding the library of knowledge and information about Influenza A
viral infections and their effect on an organisms as a complete entity.

THE ZEBRAFISH AS A MODEL ORGANISM
Model organisms can be used in biomedical research to study the pathogenesis of
human diseases to develop and test new targeted therapies. There are distinct advantages
to using model organisms over the in vitro counterpart, cell culture, because model
organisms are complete biological systems. In vivo studies ultimately allow for the
preservation of a variety of systemic functions and permit observation of the overall
effects an experiment has on an organism 11.
Mammalian models, such as the mouse (Mus musculus), are excellent for
studying human disease, due to genome homology and the fundamental anatomical and
physiological similarities 22. When selecting a mammalian model for an experimental
study, one must take into account a variety of factors ranging from evolutionary
proximity and anatomical similarity, as stated above, to the physical and financial
limitations associated with use of the organism (Table. 1) 22. Oftentimes mammalian
models can be expensive to house and maintain, therefore, invertebrate models have been
implemented in many genetic studies due to the functional conservation of rudimentary
cellular processes. However, invertebrates have limitations in their ability to model
human diseases because they are genetically less similar to humans than compared to
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their vertebrate counterparts, and they lack some anatomical structures that are present in
mammalian models such as the lungs and mammary glands 22. Luckily, the zebrafish
(Danio rerio) acts as an excellent model by circumventing many of the difficulties that
accompany the use of numerous potential mammalian and invertebrate models.
The zebrafish system has become exceptionally popular in the last decade and is
now a mainstream model for biomedical studies in wound healing and regeneration,
immune-related diseases, inflammatory and infectious diseases, and cancer 25. Zebrafish
provide multiple
advantages over classical
vertebrate models;
zebrafish share high
genetic and organ system
homology to humans and
also possess other ideal
features for biomedical
studies including a high
reproductive rate (100
embryos per clutch),
external fertilization and
development, optical
clarity, the capability of
genetic manipulation, and
the ability to maintain

Table. 1 There are many model organisms used in the study of
human disease, each with its own advantages and disadvantages.
The zebrafish is a prominent model organism for studies of
human disease 21.
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fish at a high population density (5 fish/liter) 22, 25. The zebrafish model also displays
temporal separation of innate immune responses from adaptive immune responses. The
innate immune system is active as early as 24 hours post fertilization (hpf), therefore,
studies using zebrafish embryos can be orchestrated to allow characterization of the
specific roles that innate immunity plays in pathogenesis of disease 25. Remarkably, the
immune systems of zebrafish and humans share major similarities, and extensive
genomic analyses have shown that zebrafish possess a diverse array of homologs to wellknown human immune-related genes and corresponding proteins 22. For example,
zebrafish have two distinct homologs: Cxcl8-l1 and Cxcl8-l2, for the potent human
chemokine interleukin 8 (IL-8). IL-8 mediates the recruitment and respiratory burst
activity of neutrophils during an infection, which plays a pivotal role in the innate
immune response 7. The combined effects of both homologues in the zebrafish have been
found to be vital for neutrophil recruitment to areas of inflammation during tissue
damage and bacterial infection 7.
There are a multitude of advantageous features associated with the zebrafish
model, however, optical clarity is inherently one of the most significant characteristics for
in vivo imaging. Since zebrafish embryos are transparent, the visualization of innate
immune cellular processes such as phagocytosis and chemotaxis in real-time has been
made possible through the use of confocal microscopy 25. By engineering transgenic
zebrafish lines with fluorescently tagged immune cells such as the MPX-mCherry line
(red fluorescence-tagged neutrophils) and/or fluorescently-tagged pathogens such as
IAV-GFP (green fluorescence-tagged Influenza A virus), host-pathogen interactions and
behavior can be observed by fluorescence microscopy, ultimately providing the zebrafish
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with yet another advantage over many model organisms 25. Due to its important role as
model system for infectious disease and immunity, combined with the availability of
transgenic lines and fluorescence microcopy, the current study will be utilizing the
zebrafish model to study human Influenza A viral infections.
There are hallmark constraints that must be met in order to become establish a
model for IAV infection; these include susceptibility to infection by the virus, the
capability of supporting viral replication, and the emulation of clinical symptoms seen in
humans infected with IAV 12. A prerequisite for susceptibility to IAV infection is the
presence of α-2,6-linked sialic acid modifications on host glycolipids or glycoproteins,
which are critical for viral entry into a host cell. In order to initiate viral infection of a
host cell, HA surface glycoproteins will bind to host sialic acids subsequently allowing
for viral entry into host cells via receptor-mediated endocytosis 12. A recent study
demonstrated the presence of α-2,6-linked sialic acid modifications in zebrafish at 2 dpf
and then went on to show that zebrafish embryos were susceptible to IAV challenge,
ultimately suggesting that the model can support IAV infection and possibly other viral
infections that utilize these same receptors for host cell entry (Fig. 3) 12. There are several
existing mammalian models for IAV infection that have been crucial for studies of viral
transmission, adaptive immune responses and vaccine development, however, the
zebrafish model, which possesses all of the hallmark traits as listed above, presents many
alternative avenues for influenza infection studies. For example, zebrafish can be easily
manipulated for genetic studies (i.e. forward and reverse genetics), used in transgenic as
well as high-throughput drug screening studies, and imaged in microscopy experiments
12

.
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Fig. 3 Brightfield microscopy of live zebrafish 24, 48 and 72 hours post infection (hpi).
Development appears normal in control fish, however, IAV infected fish have distinct
developmental differences. IAV fish have pericardial edemas, yolk sack edemas,
craniofacial abnormalities and spinal malformations. Physical symptoms of IAV infection
appear to worsen over time 12.
There are many advantages associated with the zebrafish model, but with any
model organism there may also be disadvantages. Although zebrafish have gained
popularity within the past decade and have become a mainstream model organism in
biomedical studies, the zebrafish remains a relatively new model organism 14. As
compared to higher vertebrate models such as the mouse, there are fewer available
mutant and transgenic lines, as well as limited reagents and antibodies for zebrafish use
14

. This ultimately contributes to limitations when employing the zebrafish model in

biomedical studies. The ideal environmental conditions in which zebrafish live are also
markedly different from those for humans. For instance, adult zebrafish need to be
maintained at water temperatures ranging from 25-31°C with an optimum breeding
temperature of 28.5°C 38. Since many human pathogens thrive at 37°C, the lower
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temperatures at which zebrafish are maintained could present limitations to studying
particular certain pathogens in the zebrafish model 22. However, zebrafish embryos can
held in slightly extended temperatures ranging from 25-33°C, which makes the issue of
temperature less problematic 38.
Due to the obvious ethical concerns surrounding human testing, animal models
are necessary for developing a fuller understanding of human infectious diseases with the
goal of developing effective therapies. In particular, the zebrafish has emerged as an
exemplary model for a variety of infectious pathogens such as snakehead rhabdovirus
(SHRV), Pseudomonas aeruginosa, herpes simplex virus type 1 (HSV-1), and now
Influenza A virus 3, 5, 12, 31. The zebrafish model offers specific advantages over the mouse
and other mammalian models, and will continue to provide yet another avenue for the
study of infectious disease in biomedical research.

IMMUNTIY
The zebrafish immune system shares many similarities with the human immune
system, including a number of homologous genes and conservation of many
inflammatory proteins 24. Due to the temporal separation between the development of
innate and adaptive immunity, the zebrafish model allows for the characterization of the
specific roles that innate immunity plays in the pathogenesis of many infectious diseases.
The immune system is necessary for the survival of an organism and has evolved
to protect the host from infiltration of pathogenic microbes 4. In order to successfully
detect and eradicate a pathogen, the host must be able to launch a strong immune
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response against the pathogen through the use of two mechanisms: innate immunity and
adaptive immunity (Fig 4).

Fig 4. There are two branches involved in the immune system: innate immunity and
adaptive immunity. Innate immunity is the first line of defense against a pathogen and
provides a rapid response, where as adaptive immunity is the second line of defense and
takes longer to activate. Considering the lag time in response, adaptive immunity is
pathogen specific and provides immunologic memory to a host 9.
The innate immune system can be found in all plant and animal species, however,
adaptive immunity cannot. Innate immunity acts as the first line of defense by
recognizing and mounting a proinflammatory response against invading pathogens. It is
constitutively present and is rapid and nonspecific. Innate immune cells use pattern
recognition receptors (PRRs) to recognize a small number of highly conserved structures
present on many microbial species known as pathogen-associated molecular patterns
(PAMPs) 29. Within minutes after a pathogen penetrates the epithelial surfaces of the
body, PRRs of residential macrophages and infected tissue cells recognize the PAMPs
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associated with the specific pathogen and notify the host of its presence. This recognition
subsequently induces a cascade of events that lead to the up-regulation in transcription of
inflammatory genes as well as the synthesis of specific cellular signaling proteins that
rapidly recruit innate immune cells such as macrophages and neutrophils towards the area
of inflammation 29. Once macrophages and neutrophils flood the site of infection,
phagocytosis of the pathogen can begin 37. Such basic mechanisms of the innate immune
system are found to be highly conserved in nature 2.
Adaptive immunity is the second branch of the immune system and as previously
stated, is not present in all plant and animal species. Adaptive immunity is found in jawed
fish and organisms with segmented vertebral columns 10. Considered to be a host’s
second line of defense, when adaptive immunity is activated, a more sophisticated
antigen specific immune response develops. Characterized by highly specialized T and B
lymphocytes, adaptive immune cells only target the antigen that induced their
proliferation. Adaptive immunity also provides a host with immunological memory 19.
This immunological memory bestows the immune system with the ability to respond
more rapidly and effectively to a pathogen that has previously been encountered 19.
Overall both the innate and adaptive branches of the immune system function
cohesively by working to completely eliminate an infection, however, as compared to the
adaptive immune response, which requires days to weeks to develop and is dependent
upon innate immunity to activate it, the innate immune response employs phagocytic
cells that act to immediately kill a pathogen upon initial infection 21.
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NEUTROPHILS
One of the earliest and most abundant innate immune cells recruited to a site of
infection is the neutrophil. Existing as myeloid precursors in the bone marrow, once they
mature, neutrophils play a pivotal role in the acute inflammatory response by
recognizing, phagocytizing, and killing microorganisms through antimicrobial activity 21.
When an infectious agent is able to breach the external or internal epithelial
barriers of the body such as the skin or respiratory mucosa (in air-breathing animals),
residential macrophages and infected tissue cells release a complex network of
inflammatory mediators that stimulate the maturation, proliferation, and recruitment of
neutrophils 21. The steps involved in this rapid and concerted process include the
following: (1) mobilization of neutrophils from the bone marrow, (2) accelerated
hematopoiesis, which is the generation and differentiation of new blood cells, (3)
recruitment into the vasculature in response to chemotactic signals, (4) margination of
neutrophils along the vasculature walls near the site of infection, and (5) diapedesis,
which is the movement of neutrophils out of the vasculature and towards the site of
infection 21. Once neutrophils infiltrate a site of infection, interaction between PRRs on
the surface of neutrophil membranes and microbial PAMPs initiate the process of
phagocytosis. This involves changes in neutrophil cytoskeletal structure, subsequently
allowing the plasma membrane to surround and engulf the microbe 21. Upon the ingestion
and containment of a microorganism within a membrane-bound phagosome, two
paramount sources of neutrophil antimicrobial activity are induced: (1) the production of
-

reactive oxygen derivatives such as superoxide radicals (O2 ), and (2) the release of
granules from secretory vesicles that contain microbicidal and cytotoxic proteins (Fig. 5)
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3

. These toxic microbicidal sources are essential for microbial killing, however, they can

also contribute to host tissue damage.
As vital as neutrophils are in the clearance of pathogenic microorganisms, their
role in the immune response, as well as the physiological processes associated with
disease can oftentimes be paradoxical. During an infection, chemotactic signals are
released from a variety of cell types promoting neutrophil recruitment to occur at a
remarkably rapid rate.
Among the very first
chemotactic signals to be
expressed and released is
the highly potent
neutrophil chemokine
known as CXCL8 7. When
CXCL8 binds to
neutrophil receptors,
induction of specific
intracellular signaling
cascades results in the
activation and accumulation of
more neutrophils in the

Fig. 5 Upon recognition and phagocytosis, superoxide
radicals and microbicidal granules and proteins are
produced and released into the phagosome to degrade
a microorganism 21.
	
  

vasculature and infected tissues 7. The process of activation and accumulation may
contribute to an overly robust inflammatory response, which can ultimately lead to tissue
damage, the prolonging of host sickness, and enhanced pathogenesis of numerous human
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diseases such as IAV infections, acute lung injury (ALI), and it’s more severe
counterpart, acute respiratory distress syndrome (ARDS) 15. Although at times it may be
more harmful than beneficial, neutrophil involvement in the immune response and
maintaining host health has been proven to be indispensible by experimentally decreasing
neutrophil numbers or inhibiting their action all together. By examining the ways in
which CXCL8 alters neutrophil behavior and function, potential therapies that lower the
neutrophil count or nullify the effects of neutrophil action could be developed to treat
specific inflammatory diseases 34.
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MATERIALS AND METHODS
Zebrafish Maintenance, Virus Microinjection, Confocal Imaging, RNA Extraction,
cDNA Synthesis, and qPCR
Zebrafish Care and Maintenance. The Institutional Animal Care and Use Committee
(IACUC) at the University of Maine approved the protocols used in this study. Embryos
were obtained by natural spawning of adult AB or MPX-mCherry transgenic zebrafish.
Fertilized eggs were collected and raised in 100 ✕ 5 mm cell culture dishes with 50 mL of
egg water (autoclaved 60 mg/L of Instant Ocean, Spectrum Brands, Madison, WI) at
28°C. Egg water was replaced and cell culture dishes were cleaned each day. After IAV
infections, zebrafish were maintained at 33°C.
Virus Microinjection. MPX-mCherry embryos were screened for mCherry red
fluorescence at 2-3 dpf. At 5 dpf fish were anesthetized in a nonlethal tricaine solution
and Influenza (A/Puerto Rico/34) NS1-GFP virus (Mount Sinai School of Medicine, New
York, NY) in PBS with 0.25% phenol red was injected (5 nL) into the swimbladder of the
fish. Diluent control supplemented with 0.25 % phenol red was injected into the
swimbladder of 5 dpf mock-infected control fish. Fish were returned to designated cell
culture dishes with 50 mL of egg water. At 16 hpi, mock and IAV-GFP infected fish were
fixed in 4% paraformaldehyde (PFA) at 4°C for 24 hours. Fish were subsequently
washed into PBS Tween.
At 48 hpf AB (wild-type) embryos were manually dechorionated with forceps. Influenza
A/PR/8/34 (H1N1) supplemented with HBSS and 0.25% phenol red was subsequently
injected (2 pumps of 2nL each) into the Duct of Cuvier of 2 dpf fish. HBSS
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supplemented with phenol red 0.25% was injected into the Duct of Cuvier of 2 dpf
control fish. Fish were returned to cell culture dishes with 50 mL of egg water.
Confocal Imaging. MPX-mCherry embryos were imaged using the Olympus Fluoview
1000 on an Olympus IX-81 inverted microscope. Fish were mounted in 0.8% agarose in a
24-welled glass-bottom microplate. Component images for maximum projection images
were obtained using a 20x objective and a step size of 4 microns between z-stack images.
RNA Extraction. Total RNA was extracted from AB whole embryos at 1, 3, 6, 12, and 24
hpi by homogenizing three sets of 5 fish at each time point for RNA extractions using
TRIzol reagent (Invitrogen, Carlsbad, CA). cDNA was then synthesized by performing
reverse transcription reactions using iScript reverse transcriptase (BioRad, Hercules, CA)
according to the manufacturer’s instructions. Quantitative PCR targeting Cxcl8-l1 and
Cxcl8-l2 was performed using IQ SYBR Green Supermix (BioRad, Hercules, CA)
according to manufacturer’s instructions. Three biological replicates per time point were
used, and Ct values were normalized with the 18S housekeeping gene. Fold change in
gene expression was calculated relative to the mock-infected samples using the delta Ct
method. Primer sequences for quantitative PCR were obtained from IDT PrimerDepot.
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RESULTS
Neutrophil numbers increase in the zebrafish swimbladder upon infection with
IAV-GFP. Although the zebrafish model for a localized IAV infection has previously
been established, an assay to measure neutrophil migration to the zebrafish swimbladder
in response to an IAV infection has yet to be established. To test if neutrophils migrate to
the swimbladder region upon localized IAV infection, IAV-GFP was injected into the
swimbladder of 5 dpf MPX-mCherry mutant zebrafish, and fluorescence confocal
microscopy was performed to obtain maximum projection images of the swimbladders of
PFA-fixed embryos. A template of consistent size and shape was drawn around the
swimbladder region of each zebrafish image and the number of neutrophils within this
region was quantified for each sample (Fig. 7). Neutrophil numbers increased in the
swimbladder regions of IAV-infected embryos compared to mock-infected embryos (Fig.
8).

Mock-infected

IAV-GFP Infected

Fig. 6 Neutrophils in the swimbladder region and nearby tissues of 5 dpf mock-infected
and IAV-GFP infected zebrafish embryos. Neutrophils are identified by red fluorescence
and the IAV-GFP infected cells are identified by green fluorescence. Only the red
fluorescence neutrophil dots within the blue template were counted. It appears that there
are more neutrophils in the swimbladder region and surrounding tissues of IAV-GFP
infected embryos as compared to mock-infected embryos.
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Fig. 7 Quantification of neutrophil numbers in the swimbladder of mock and IAV-GFP
injected 5 dpf MPX-mCherry zebrafish. The error bars represent the standard error of the
mean. The stars determine the statistical significance. **** denotes a p value ≤ 0.0001.
There is a trend of more neutrophils in the swimbladder of IAV-GFP infected fish as
compared to mock-infected fish, and Experiment #2 has four stars of significance.
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Cxcl8-l1 and Cxcl8-l2 levels increase as IAV infection progresses. Zebrafish possess
two distinct IL-8 homologues: Cxcl8-l1 and Cxcl8-l2. Expression levels of zebrafish
Cxcl8s have previously been shown to increase under inflammatory conditions caused by
bacterial infections, viral infections, chemical insult and/or wound insult, however, Cxcl8
gene levels under inflammatory conditions caused by human viral infections, such as
IAV, have yet to be studied (de Oliveira et al., 2013). The goal of these studies was to
determine how the zebrafish Cxcl8 expression levels were altered after IAV infection,
and specifically at what time point after infection. To do this, 48 hpf AB zebrafish were
systemically infected with IAV (APR8/H1N1), and samples were collected at 1, 3, 6, 12,
and 24 hpi for a qPCR experiment. Data analysis indicates that as IAV infection
progresses, Cxcl8-l1 and Cxcl8-l2 levels increase when compared to the 18S
housekeeping gene. This confirms that the Cxcl8 genes are up-regulated during IAV
infection, particularly between 12 to 24 hpi (Fig. 8 & 9).
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Cxcl8-l1 Expression Levels
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Fig. 8 Expression profiles of the target gene Cxcl8-l1 in AB zebrafish embryos at 1, 3, 6,
12, and 24 hpi with IAV (APR8/H1N1). The error bars represent the standard error of the
mean. The stars determine the statistical significance. ** denotes a p value ≤ 0.01. As
IAV infection progresses, expression levels of Cxcl8-l1 increase with the most substantial
expression levels around 12 to 24 hpi. Most results were not significant.
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Cxcl8-l2 Expression Levels
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Fig. 9 Expression profiles of the target gene Cxcl8-l2 in AB zebrafish embryos at 1, 3, 6,
12, and 24 hpi with IAV (APR8/H1N1). The error bars represent the standard error of the
mean. The stars determine the statistical significance. ** denotes a p value ≤ 0.01. As
IAV infection progresses, expression levels of Cxcl8-l2 increase with the most substantial
expression levels around 12 to 24 hpi. Most results were not significant.
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DISCUSSION
Viruses have evolved to be extremely successful pathogens and are the causative
agents of numerous illnesses and diseases seen worldwide. Some of the most common
diseases caused by viruses seen throughout the world today are: hepatitis A and B,
HIV/AIDS, rotavirus disease, influenza, and malaria. In the current study, the neutrophil
response to IAV infection is examined by employing the zebrafish as an in vivo model
organism. Additionally, in a set of early gene expression level experiments, how levels of
expression in neutrophil migratory genes are altered upon IAV infection is examined.
Previous work published by the Kim Lab at the University of Maine established
the zebrafish as a model for IAV infection. By confirming the presence of α-2,6-linked
sialic acids in zebrafish embryos, which facilitate in virus entry, the Kim Lab went on to
show that IAV can infect, replicate, and cause a pathological phenotype in the zebrafish
model 12. The Kim Lab has also established the zebrafish swimbladder as a site for
localized IAV infection, which was made possible by injecting IAV-GFP directly into the
swimbladder of zebrafish embryos. This allowed for the visualization of the fluorescent
IAV strain in vivo, which suggested that IAV infects surface epithelial cells in the
zebrafish as it does in humans 12. Since the Kim Lab established the zebrafish
swimbladder as a site for localized IAV infection, the present study was carried out to
quantify neutrophil migration to the swimbladder and surrounding tissues in response to
IAV infection. Quantification of these results showed a consistent trend of increased
neutrophil numbers in IAV-GFP infected embryos verses mock-infected embryos as well
as statistical significance in the second swimbladder infection replicate (Fig. 6 & 7).
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After finding that neutrophil numbers increase in the swimbladder of IAV-GFP
infected embryos, the mechanisms responsible for neutrophil migration could then be
investigated. Previous research has shown expression levels of zebrafish Cxcl8s to be
induced in response to inflammatory conditions caused by various PAMPs and infectious
stimuli such as bacteria, bacterial DNA, fish viruses (SVCV), and chemical and/or wound
insult 8. To the best of our knowledge, this is the first study analyzing expression levels of
zebrafish Cxcl8-l1 and Cxcl8-l2 genes during human viral infections. Since CXCL8 is
the most potent chemokine of neutrophil migration, it was hypothesized that expression
levels of the zebrafish Cxcl8s would be induced early on during IAV infection. In order
to see if expression levels of the Cxcl8s were altered after IAV infection, we collected
samples at specific time points post infection to perform qPCR experiments. Expression
levels of both Cxcl8-l1 and Cxcl8-l2 were up-regulated during early infection time points
and began to increase significantly between 12 and 24 hpi (Fig. 8 & 9). Although the data
from certain individual experiments suggest that Cxcl8s were up-regulated at earlier time
points during infection, further study will be required to either elucidate a consistent trend
in the early expression levels of Cxcl8s post infection or determine what might be
causing such inconsistencies.
In conclusion, previous studies have established the zebrafish as a model for a
systemic and localized IAV infection 12. Utilizing a fluorescent protein-tagged Influenza
A virus, combined with transgenic zebrafish lines, such as the MPX-mCherry line, hostpathogen interactions could be visualized within live zebrafish in real-time through the
use of confocal fluorescence microscopy. After visualizing and quantifying an increase in
neutrophil numbers in the swimbladder region and surrounding tissues of IAV-GFP
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infected MPX-mCherry embryos, it was established, that neutrophils migrate to a site of
localized IAV infection in the zebrafish model. It was also shown that the zebrafish
Cxcl8s, which are involved in regulating neutrophil migration to a site of infection, are
up-regulated during IAV infection. These discoveries act as a foundation for the
exploration of other avenues involving the regulation of innate immune responses to IAV
infection. For instance, now that it has been determined that neutrophils migrate to a
localized IAV infection, it is possible to perform systemic infections with IAV-GFP in
the MPX-mCherry transgenic zebrafish line in order to visualize neutrophil migration out
of the caudal hematopoietic tissue (CHT) and into regions where the IAV infected cells
are localized. Another avenue that can be explored using these procedures is to analyze
the role that specific neutrophil-related genes involved in the innate immune response
play in IAV infection. By perturbing neutrophil-related gene function through the use of
morpholinos, or by creating an MPX-mCherry mutant line that lacks a neutrophil
migratory-related gene, it will be possible to look at how neutrophil behavior is affected
and perform survival experiments.
Overall, neutrophil function is thought to be paradoxical in that these cells exhibit
both protective and pathologic functions 13. Because an overly robust neutrophil response
can lead to excess inflammation and tissue damage as well as contribute to the
pathogenesis of bacterial and/or viral infections, it is important to understand the role that
neutrophils play in the pathogenesis of disease. The role that neutrophils play in Influenza
A virus infection is still largely unknown. The discoveries that were made in this current
study, that neutrophils do migrate to a localized IAV infection in the zebrafish model, and
that neutrophil migratory genes are up-regulated during IAV infection, provide a
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foundation for further studies to characterize the neutrophil response to IAV infection.
This will ultimately contribute to the development of effective antiviral treatments such
as therapies that can either target the infected host or the virus itself to limit viral
infection.
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